This study shows that ultrafine-grained composites of WC11 mass% Co are successfully consolidated by high-pressure torsion (HPT) followed by sintering at lower sintering temperatures or shorter sintering time than hot isostatic pressing (HIP) and compression and sintering. For the samples processed by HPT and successive sintering, the grain size (³700 nm) is smaller and the hardness (³1700 Hv) is higher when compared to those consolidated by compression and sintering and HIP. A heterogeneous microstructure consisting of nanograins of Co and WC and coarse grains of WC ceramics with high dislocation density, 2 © 10 16 m
Introduction
Bridgman invented the high-pressure torsion (HPT) method in 1935 to investigate the phase transformations and mechanical behavior in materials under high pressure and concurrent torsional straining.
1) The method has received considerable interest over the last two decades as a severe plastic deformation method for processing metallic materials.
2) Despite numerous researches regarding the HPT processing of metallic materials, 25) there appears to be a few application of HPT for the processing of ceramic materials. 610) In 1953, Bridgman and Simon applied HPT to oxides such as B 2 O 3 and SiO 2 and found that a compaction occurs in the atomic scale. 6) They found that the compaction occurs gradually in B 2 O 3 from low pressures to high pressures, whereas there is a threshold pressure in SiO 2 , under which no compaction occurs. Bates et al. 7) and Miller et al. 8) used HPT for processing an oxide as ZnO and sulfides as CdS and MnS and reported that phase transformations occurs during HPT. Edalati et al. 9) reported that a phase transformation occurs from a tetragonal phase to a nanocrystalline monoclinic phase in ZrO 2 when processed by HPT. Levitas et al. 10) reported a phase transformation from the hexagonal structure to the high-density amorphous phase in SiC by torsional straining under high pressures. It was also reported that the strain introduced in Al 2 O 3 powders by HPT processing can facilitate the consolidation during successive sintering. 11) Despite these reports, information is considerably limited regarding the microstructure of ceramics after HPT processing 9) or after post-HPT sintering. Moreover, no comparison is attempted between the consolidation level attained by HPT and the one by other conventional routs such as compression and sintering and hot isostatic pressing (HIP).
In this study, and for the first time, WCCo ceramic-based composites which are known as very hard materials and widely used in cutting tools, blanking tools, drills, dies and wear-resistant nozzles, 1216) are processed by HPT and successive sintering. Evolutions of density, microhardness and microstructures are investigated with attention to consolidation process during HPT and the post-HPT sintering. The consolidation process is compared with those of compression and sintering and HIP as two conventional references.
Experimental Materials and Procedures
This study used a commercial powder mixture of WC 11% Co (in mass%). The WC powders had particle sizes less than ³5 µm and the Co powders had particles sizes less than ³2 µm. The HPT facility consists of upper and lower anvils having a hole of 10 mm diameter and 0.25 mm depth at the center. An approximately 0.0015 kg of the powders was put in the hole and shear strain was imparted in the samples by HPT processing at room temperature, T = 300 K, at a rotation speed of ½ = 1.0 rpm for either N = 0, 2, 5 or 10 revolutions under a pressure of P = 6 GPa. Here, the shear strain, £, can be calculated by the equation as 25) £
where r is the distance from the center of disc, N is the number of turns and h is the thickness of disc. It should be noted that N = 0 refers to pure compression without rotation. The appearance of powders before and after processing with HPT is shown in Fig. 1 . The disc samples after pure compression (N = 0) and after processing with HPT for N = 10 were sintered at temperatures of T = 1073, 1273, 1473, 1573 and 1663 K for a period of t = 1 h in an argon atmosphere. As a reference material, rods with 12 mm diameter and 8 mm height were also prepared from the powder mixtures by HIP under a pressure of 0.1 GPa at 1563 K for 1 h. Before the HIP processing, the powders of WC and Co were mixed by mechanical milling, pressed under a pressure of 0.1 GPa and the green body was produced by sintering under a pressure of 4 kPa at 1653 K for 1.5 h. The disc samples, after processing by HPT, were first polished to a mirror-like surface on both sides and the sample density was determined by Archimedes' principle using an electronic balance with an accuracy of 10 ¹7 kg. Second, the Vickers microhardness was measured along the radii from the center to periphery at 4 different radial directions with 1 mm increments using an applied load of 0.5 kg for duration of 15 s. Third, the mirror-like surface of the samples was observed by optical microscopy (OM). Fourth, scanning electron microscopy (SEM) was operated at 15 kV for the observation of microstructures. Fifth, for transmission electron microscopy (TEM) and scanning transmission electron microscopy (STEM), thin foils were prepared from the discs at 4 mm away from the disc center with a focused ion beam (FIB) system. TEM and STEM were performed at 300 kV for microstructure observation in bright-field (BF) and dark-field (DF) modes, for recording selected-area electron diffraction (SAED) patterns and for energy dispersive X-ray spectrometery (EDS). Sixth, XRD analysis was performed using the Cu K¡ radiation.
Results and Discussion
Figure 2 plots (a) density and (b) microhardness against the shear strain for the discs processed by HPT. The density and hardness after HIP are also included in Figs. 2(a) and 2(b), respectively. It is noted that the number of data points in Fig. 2 (a) are higher than those in Fig. 2(b) . The difference arises because the density was measured for each disc samples processed for N = 0, 2, 5 and 10, whereas the hardness was measured at different distances from the disc center (r = 0, 1, 2, 3, 4 mm) for each disc sample. The error bars in Fig. 2(b) represent the standard deviation of the averages of four measurements at four different radial directions.
It is apparent from Fig. 2 that both density and hardness increase with increasing shear strain at an early stage of straining but saturate to a steady state at high strains. The density and microhardness at the steady state are smaller than those after HIP, indicating that a complete form of consolidation was not achieved during HPT processing. However, a density of ³13000 kg·m ¹3 which was obtained after HPT processing corresponds to a relative density of ³90%, indicating that a good compaction of powders should have been achieved by the HPT processing. This behavior is similar to the behavior of alumina ceramic powders where the complete consolidation was not achieved during HPT processing, 11) but it is different from the behavior of metallic powders where a full consolidation was achieved by HPT processing.
1721) The difference between the consolidation behavior of metallic and ceramic powders during HPT must be due to the higher hardness and extremely less plasticity of ceramics. For metallic materials, the powders are plastically deformed and welded to each other in an atomic scale by HPT because of low hardness and good plasticity. 22) However, for the hard and brittle ceramics, the atomic scalewelding and consolidation of powders is hardly achieved during HPT.
The hardness behavior with imposed strain in this study is similar to the behavior of metals and alloys with high melting temperatures 2325) where the hardness directly enters into a constant level without a hardness maximum, but it is different from the behavior of metals and alloys with low melting temperatures 2629) where a hardness maximum or a hardness decrease appears before taking a constant level. The appearance of the saturation in hardness with straining is due to the balance between hardening (grain refinement and dislocation generation) and softening (recovery and recrystallization) in metallic materials as discussed earlier. 5) However, it appears that the hardness at the saturation in this study is mainly controlled by the density of consolidated powders because of the similarity between the density and hardness behaviors with straining. SEM micrographs taken using secondary electrons are shown in Fig. 3(a) for the as-received powders, in Figs. 3(b) 3(e) for the samples processed by HPT for N = 0, 2, 5 and 10 turns, respectively and in Fig. 3(f ) for the HIP-processed sample. It is apparent that the powders are fragmented and slightly consolidated after pure compression under a pressure of 6 GPa in Fig. 3(b) . Figure 3(c) shows that the consolidation is improved by torsional straining under 6 GPa for N = 2 turns. A comparison between the micrographs of Figs. 3(c) through 3(e) clearly shows that the consolidation is further improved by increasing the number of turns, and this is well consistent with the variations of density and hardness in Fig. 2 . Despite good compaction after N = 10, many discontinuities are still visible between the particles, indicating that a complete form of consolidation was not achieved. Such discontinuous regions can not been seen in Fig. 3(f ) , where a full consolidation is achieved after HIP. The main reason for better consolidation of the HIPprocessed powders and their resultant higher hardness when compared to the HPT-processed ones should be due to the difference in processing temperature, which is 1663 K for HIP and 300 K for HPT. It should be noted that the bright and dark contrasts in Fig. 3(f ) correspond to the regions of WC and Co, respectively.
Micrographs are shown in Fig. 4 for the sample after HPT processing for N = 10, where Fig. 4(a) is a STEM-BF image and the corresponding SAED pattern, Figs. 4(b) and 4(c) are the corresponding EDS mappings of W and Co, respectively, and Fig. 4(d) is a TEM-BF image taken from the square region in Fig. 4(a) . Close inspection of Fig. 4(a) reveals that there are four distinctive regions associated with the difference in contrast: region A with the darkest contrast is based on the coarse grains of WC, region B with a gray contrast consists of nanograins of Co, region C consisting of small dark contrast areas surrounded by the gray contrast corresponds to nanograins of WC, and region D with the brightest contrast is based on the pores resulting from the incomplete consolidation. A high magnification view of region A in Fig. 4(d) reveals that there are many dislocations within the coarse grains of WC. Detailed TEM examinations confirmed that the average grain size in regions A, B and C is ³600, ³20 and ³20 nm, respectively. Therefore, it turns out that a heterogeneous microstructure composed of coarse grains as region A and nanograins as regions B and C develops by application of HPT. It should be noted that the heterogeneous evolution of microstructure and formation of nanograins after processing with HPT were also reported earlier in intermetallic materials 3032) and ZrO 2 ceramics.
9) The heterogeneous microstructure may be due to the strong covalent bonding in these materials. The strong covalent bonding makes the dislocations motion through the crystalline structure difficult, and thus, uniform plastic deformation cannot be imparted in these materials easily. As a result, localized deformation and dislocation activities occur and the grain size is reduced to the nanometer level in regions with high dislocations activities, while the grains remain coarse in regions with low dislocation activities.
XRD spectra of the as-received powders, sample after compression but without rotation (N = 0), samples after HPT for different numbers of turns and sample after HIP are shown in Fig. 5(a) . Here, three important points should be noted. First, no phase transformation is detected in WC after HPT or HIP within the sensitivity limit of XRD analysis. However, the phase transformation is partly detected in the Co phase from hcp to fcc structure after HPT. Details concerning the phase transformations in Co were reported in a recent earlier paper. 33) It is noted that phase transformations were reported in several other materials such as Ti and Ti alloys, 20, 34, 35) Zr, 22 ,3638) Si, 2,39) TiNi 30) and ZrO 2 9) when processed by HPT. Second, a peak broadening occurs appreciably in WC through HPT when compared to HIP, indicating the occurrence of lattice strains, dislocations generation and grain fragmentation during the HPT processing. 4042) Here, the dislocation density was calculated from the XRD spectra using the Williamson-Hall equation 40) as follow, and plotted against the shear strain in Fig. 5(b) .
In these equations, ¢ is the full-width at half-maximum in rad, ª is the Bragg angle in rad, is the wavelength of X-ray beam (0.1540562 nm for CuK¡ 1 ), D is the crystallite size and ¾ is the lattice strain. Six peaks were selected and the ¢ cos ª/ values were plotted against the sin ª/ values. A line was fitted to the plot and lattice strain was calculated from the slope of this line using eq. (2). Dislocation density was calculated from the lattice strain using 40) μ ¼ 14:
where, μ is the dislocation density and b is the Burgers vector. Figure 5(b) shows that the dislocation density increases with torsional straining and reaches a steady-state level as high as 2 © 10 16 m ¹2 . This is consistent with the microstructural observation shown in Fig. 4(d) where the presence of the dislocations is confirmed within the WC ceramic. Figure 6 plots the (a) density and (b) microhardness as a function of the sintering temperature for the discs processed for N = 0 and 10 including the values obtained on the HIPprocessed sample. Both density and microhardness increase with an increase in the sintering temperature and they are invariably higher in the samples processed by HPT for N = 10 than in those subjected to pure compression (N = 0). For the samples after sintering at 1573 and 1663 K for 1 h, the density reaches the same level as the one after processing by HIP at 1663 K for 1.5 h and the hardness level then exceeds the one obtained by the HIP processing. Thus, the present results indicate that a more complete form of consolidation is achieved at the lower temperature as 1573 K and for the shorter period as 1 h if HPT processing is adopted. It is considered that the better consolidation occurs because the connectivity of individual powders improves with an increase in both pressure and shear strain as discussed earlier. 11, 18, 20) Moreover, the nanograined WC+Co regions formed between the coarse grains of WC, as shown in Fig. 4 , can act as binders during the sintering and improve the consolidation. Note that the temperature of 1663 K selected for HIP processing was commercially confirmed to be the optimum temperature to achieve high hardness and high density in this material.
OM micrographs are shown in Figs. 7(a) to 7(e) for the samples processed for N = 0 and 10 and sintered at 1273 and 1573 K, including the HIP-processed sample. The dark contrast areas correspond to porosities and they are visible in the samples sintered at 1273 K, but their fraction significantly decreases with increasing the sintering temperature to 1573 K or by using the HIP process. These trends are well consistent with the density measurements in Fig. 6(a) .
SEM micrographs taken with backscattered electrons are shown in Figs. 8(a) to 8(e) for the samples processed for N = 0 and 10 and sintered at 1273 and 1573 K, including the HIP-processed sample. The dark areas correspond to either porosities or Co-rich phases. It is apparent that the consolidation is not complete in the samples sintered at 1273 K, but a full consolidation is achieved with increasing the sintering temperature to 1573 K or by HIP processing. N = 0 and ³700 nm after N = 10 for both with successive sintering at 1573 K and ³1300 nm after HIP processing. Therefore, the average grain size remains at the submicrometer level despite the sintering at such a high temperature as 1573 K. This ultrafine-grained structure must be the reason for the higher hardness in the HPT-processed sample when compared to the HIP-processed one, as shown in Fig. 6(b) . Figure 9 shows (a) TEM-BF image and the corresponding SAED pattern, (b) TEM-DF image taken with the diffracted beam as indicated by an arrow in the SAED, (c) and (d) the corresponding EDS mappings of W and Co, respectively, for the sample after HPT processing for N = 10 and sintering at 1573 K. It is apparent from Figs. 9(a) and 9(b) that the grains are at the submicrometer level still containing dislocations even after sintering at 1573 K. Figures 9(c) and 9(d) reveal that W and Co are present in an isolated manner and neither alloying nor W 3 Co 3 C phase formation occurs in the selected region through the sintering at 1573 K. However, XRD analyses, as will be shown in Fig. 10 , indicate that W and Co react in some regions and W 3 Co 3 C phase are formed after sintering. Moreover, Fig. 9 suggests that some of the Co grains are still at the nanometer level even after sintering at 1573 K, while these nanograins could rarely be seen in Fig. 8 . The difference between Fig. 9 and Figs. 8 and 10 is because TEM examines the microstructure within the limited area but with higher resolution, whereas SEM and XRD give information about larger areas but with lower resolutions.
XRD profiles for the samples processed for N = 0 and N = 10 and subjected to subsequent sintering at five different temperatures for 1 h are shown in Figs. 10(a) and 10(b) , respectively. Two important points arise from Fig. 10 . First, peaks corresponding to W 3 Co 3 C, which is a hard and brittle carbide, appear by sintering at and above 1073 K, while its fraction increases with increasing the sintering temperature. Although the fraction of W 3 Co 3 C after sintering at 1663 K is much higher than that at 1573 K, the hardness after sintering at 1663 K decreases as shown in Fig. 6(b) . The decrease in hardness must be due to the coarsening of nanograins and the resultant increase in the average grain size. Second, a comparison between Figs. 10(a) and 10(b) reveals that the fraction of the W 3 Co 3 C phase after sintering becomes higher in the sample processed by HPT (N = 10) than that by pure compression (N = 0). The significant formation of the W 3 Co 3 C phase by HPT occurred because of two reasons: (i) WC and Co are locally mixed in the nanometer level as shown in Fig. 4 , (ii) high strain was introduced in these nanograined regions by HPT processing, as shown in Fig. 5(b) , and such a high strain promotes the solid-state reactions in the WCCo system in consistency with several metallic systems. 22, 4347) It should be noted that the formation of W 3 Co 3 C increases the hardness of WCCo composites but decreases their fracture toughness. 1216) In industry, the formation of W 3 Co 3 C is avoided during the HIP processing by adjusting the amount of C in WC to lower values. The optimum amount of C depends on the processing temperature and applied pressure. If the amount of C in WC is adjusted carefully for the HPT processing, the formation of W 3 Co 3 C can be avoided during the sintering. Avoiding the formation of W 3 Co 3 C can result in improvement of both hardness and fracture toughness by HPT processing because of the significant grain refinement. 
Conclusions
Powder mixtures of WC11 mass% Co were consolidated using high-pressure torsion (HPT) and successive sintering at 10731663 K and were compared with samples consolidated using two conventional routes: compression followed by sintering at 10731663 K and hot isostatic pressing (HIP) at 1663 K. The following conclusions were drawn from this study.
(1) Introducing intense shear strain under a high pressure using HPT is effective for a complete consolidation at lower sintering temperatures or for shorter sintering time. ( 2) The hardness and density increases with increasing the shear strain imposed by HPT, but saturate to constant levels at shear strains higher than ³50. Both hardness and density of HPT-processed samples significantly increase with subsequent sintering at temperatures higher than ³1400 K and exceed those obtained using compression and sintering and HIP. , within the grains. The grain size increases by sintering but the average size still remains small as ³700 nm, which is smaller than those obtained by compression and sintering, ³1100 nm and HIP, ³1300 nm. (4) A carbide phase of W 3 Co 3 C forms by sintering of the HPT-processed samples, while its fraction increases with increasing the sintering temperature or with straining by HPT. 
